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Measurements of prompt γ rays in coincidence with isotopically-identiﬁed ﬁssion fragments, produced in
collisions of 238U on a 9Be target, at an energy around the Coulomb barrier are reported. This technique
provides simultaneous access to the spectroscopy of many nuclei, extending to very neutron-rich isotopes
and fairly high angular momenta. The structural evolution of the neutron-rich zirconium isotopes is
discussed in the light of the present measurements in 105,106Zr and in the context of the interacting
boson model with a global parameterization that includes triaxiality but no shape coexistence.
© 2013 The Authors. Published by Elsevier B.V. All rights reserved.The ﬁssion process, though discovered more than 70 years ago,
continues to be a fertile ground to study structural and dynami-
cal aspects of quantum many-body systems [1]. It is also an im-
portant avenue for the production of nuclei far from stability. In
ﬁssion reactions, several hundreds of nuclei around and far from
the valley of stability are produced, with comparable excitation
energies and fairly high angular momenta. These nuclei exhibit
a variety of phenomena ranging from single-particle excitations
near shell closures to collectivity resulting in vibrations or defor-
mations, and can be used to probe the evolution of nuclear struc-
ture as a function of energy, angular momentum, and isospin (i.e.,
neutron–proton asymmetry). Present and next-generation facilities,
producing beams of nuclei far from stability, including those using
the ﬁssion process, will provide unique opportunities in unraveling
new features in both nuclear structure and reactions.
The use of de-exciting characteristic γ rays, ﬁrst proposed more
than 40 years back [2], is a powerful tool for the characterization
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ing high-fold γ -ray coincidences, using the Gammasphere [3] and
EUROBALL IV [4] arrays, in conjunction with either spontaneous-
ﬁssion sources or in-beam measurements of heavy-ion induced ﬁs-
sion reactions, a broad range of problems in nuclear structure [5,6]
were investigated, including the response of nuclei at high an-
gular momentum [7]. A majority of these measurements did not
directly identify the nucleus of interest. This limited the study of
very neutron-rich nuclei. In-beam γ -ray studies with radioactive-
ion beams produced in fragmentation reactions, characterize nuclei
near the limits of particle stability but generally at low angular
momentum (with the exception of high spin isomers). The mea-
surement of the response to extremes in both angular momentum
and neutron–proton asymmetry, especially over long isotopic se-
ries, could lead to new discoveries and provide yet more stringent
tests of our understanding of nuclear structure.
In this letter we report on in-beam studies of neutron-rich nu-
clei based on prompt γ -ray spectroscopy of isotopically-identiﬁed
ﬁssion fragments which represents a step towards the study of
nuclear properties as a function of both angular momentum and
isospin. Of the large number of isotopes measured, the results for
the very neutron-rich isotopes of zirconium (Z = 40) are presented.
The Zr chain provides a long series of isotopes with varying prop-
erties: The neutron-deﬁcient 80Zr (N = Z) is found to be strongly
deformed [8]. An addition of ten neutrons yields a doubly magicts reserved.
A. Navin et al. / Physics Letters B 728 (2014) 136–140 137spherical 90Zr. Between N = 50 and N = 60 the Zr isotopes display
a complex and rapidly changing behavior, presumably related to
shape coexistence. It is still an open question whether this coex-
istent nuclear behavior persists beyond 100Zr or there is return to
a more normal, deformed state. Further towards the neutron drip-
line, exotic octupole (tetrahedral) shapes with a zero quadrupole
moment are predicted around N = 70 [9], as well as ‘giant’ ha-
los beyond N = 82 [10]. Additional interest in the neutron-rich Zr
isotopes is raised by the recent observation of an unexpected long-
lived isomer in 108Zr [11,12], the nature of which is still unclear.
The present work reports on the systematic investigation of the
structure of 104,105,106Zr to further understand the evolution of nu-
clear structure in neutron-rich Zr isotopes.
The measurements were performed at GANIL using a 238U beam
at 6.2 MeV/u (∼0.2 pnA), on a 10-micron thick 9Be target. The
advantage of the inverse kinematics is that the ﬁssion fragments
are forward focused and have a large velocity, resulting in both an
eﬃcient detection and isotopic identiﬁcation in the spectrometer.
A single magnetic ﬁeld setting of the large-acceptance spectrom-
eter VAMOS++ [13,14] (momentum acceptance of around ±20%),
placed at 20◦ with respect to the beam axis, was used to iden-
tify the ﬁssion fragments. The detection system (1 × 0.15 m2) at
the focal plane of the spectrometer was composed of (i) a Multi-
Wire Parallel Plate Avalanche Counter (MWPPAC), (ii) two Drift
Chambers (x,y), (iii) a segmented Ionization Chamber (E), and
(iv) 40 silicon detectors (Er ). The time of ﬂight (TOF) was obtained
from the two MWPPACs, one located after the target and the other
at the focal plane (ﬂight path ∼7.5 m). The measured parameters
[(x,y), E, Er , TOF] along with the known magnetic ﬁeld were
used to determine, on an event-by-event basis, the mass num-
ber (A), charge state (q), atomic number (Z), and velocity vector (v)
for the detected fragment [13]. Improvements of the setup as com-
pared to our earlier work [13–15] led to the isotopic identiﬁcation
of elements till Z = 63 with a mass resolution of A/A ∼ 0.4%.
Fig. 1 shows the isotopic identiﬁcation obtained in the present
work. The prompt γ rays were measured in coincidence with
the isotopically-identiﬁed fragments, using the EXOGAM array [16]
consisting of 11 Compton-suppressed segmented clover HPGe de-
tectors (15 cm from the target). The v of the fragment along with
the angle of the segment of the relevant clover detector were used
to obtain the γ -ray energy in the rest frame [17].
Fig. 2(a) shows the measured relative yields of the isotopically-
identiﬁed ﬁssion fragments. The effect of the acceptance of
VAMOS++ on the measured yields has been calculated based on
the procedure discussed in Refs. [13,14]. The geometrical accep-
tance of VAMOS++ is around 13%–15%, for A ∼ 80–145 and rapidly
drops to 7% for A ∼ 160 in the present case. The selection of
VAMOS++ in the magnetic rigidity (Bρ ∼ Av/q) further reduces the
acceptance for the fragments with decreasing values of Z due to
the dependence of q(Z,v). While the acceptance depends strongly
on Z, being ∼2.0%, 5.0%, 7.5%, 6.0% for Z = 30,40,50 and 60 re-
spectively, it has a weak dependence on A for a given Z. This
variation is less than 0.5% within an isotopic chain. Hence the limit
of the sensitivity of the measurement in reaching the most exotic
nuclei is mainly constrained by the production mechanism itself.
Also shown are the normalized results of PROFI calculations [18]
corrected for the acceptance of VAMOS++. The PROFI code uses a
semi-empirical description of the ﬁssion partition, including the
excitation-energy-dependent inﬂuence of nuclear shell effects and
pairing correlations. The model is used in the present work to cal-
culate the isotopic yields of the fragments resulting from the decay
of 247Cm (E∗ ≈ 45 MeV) and 242Pu (E∗ ≈ 19 MeV), arising from
fusion- and α-transfer-induced ﬁssion, respectively. For an optimal
reproduction of the experimental yields, the relative contributions
of these processes are found to be around 80% and 20%, respec-Fig. 1. (Color online.) (a) Two-dimensional spectrum of E vs. Etotal showing the Z
identiﬁcation of the various elements produced in the present work. The elements
Sr, Zr and Mo are labeled. (b) Charge state (q) as a function of the mass number
(A) of the measured ﬁssion fragments in the 238U + 9Be reaction at 6.2 MeV/u.
The ﬁgure shows the large number of nuclei identiﬁed for a single setting of the
spectrometer. A particular A and q in the plot can have contributions from more
than one element (Z).
tively, in agreement with earlier cross-section measurements [19].
The measured and calculated yields compare well in Fig. 2(a). The
small observed differences in the tails suggest that the model pre-
dicts a slightly wider A and Z distribution. The measured yield of
106Zr represents a small fraction (∼2.5 × 10−5) of the total num-
ber of the isotopically-identiﬁed nuclei (∼400 different isotopes
corresponding to various elements) detected in coincidence with
prompt γ rays and highlights the large selectivity and sensitiv-
ity achieved. Besides its relevance for studying nuclear structure
far from stability, the measurement of the complete mass and
charge distribution populated by ﬁssion in coincidence with γ
rays, reported here for the ﬁrst time, are necessary to understand
fundamental aspects of the ﬁssion mechanism [21].
Fig. 2(b) displays the limits of detection, reached in studies
of neutron-rich nuclei from Z = 38 to Z = 50, involving γ -ray
spectroscopy. A more quantitative estimate of the measured γ -ray
yields can be obtained from the following, γ -ray eﬃciency cor-
rected, intensities for the 4+ to 2+ transitions for the even iso-
topes, 100Sr: 713(80), 106Zr: 278(70), 110Mo: 1384(180), 114Ru:
8527(470), 120Pd: 6370(300) and 126Cd: 777(300). The population
of excited states through β decay depends on the Jπ of the de-
caying parent nucleus, implying that high-spin states can be pop-
ulated only in rare cases. Similarly, the detection of the γ decay of
an isomer, e.g. at the focal plane of a separator, is also restrictive.
The high-fold γ -coincidence method depends on both the ease
of gating and the knowledge of the γ rays either from the rele-
vant fragment or from its complementary fragments. The present
method does not suffer from the above restrictions. Fig. 2(b) shows
that the sensitivity of γ -ray spectroscopy reached in the present
138 A. Navin et al. / Physics Letters B 728 (2014) 136–140Fig. 2. (Color online.) (a) Segré chart for the relative yields of ﬁssion fragments, mea-
sured in VAMOS++ in coincidence with EXOGAM and the PROFI calculations [18]
(see text). (b) N/Z ratio as function of Z for the most neutron-rich isotopes studied
using γ -ray spectroscopy from the present work and those reported in the litera-
ture [20]. The lines are to guide the eye.
in-beam measurement of excited states in exotic nuclei is compa-
rable to that obtained following off -beam β-decay measurements.
Fig. 3(a) shows the Doppler-corrected γ -ray energy as a func-
tion of the mass of the detected fragment for a speciﬁc isotopic
chain. The evolution of nuclear structure as a function of neutron–
proton asymmetry for a given isotopic (or isotonic) chain, can thus
be directly visualized (from the change in the γ -ray energies as
a function of mass) using these data from a single measurement.
In addition to the Doppler-corrected γ -ray energies of the frag-
ment detected in VAMOS++, the Doppler-corrected γ -ray spectrum
of the undetected complementary fragment can also be obtained.
The Doppler-corrected γ -ray spectra of 104,105,106Zr are shown
in Fig. 3(b)–(d). Also shown in Fig. 3(b) is the γ -ray spectrum for
the detected 104Zr fragment but Doppler-corrected for the comple-
mentary fragment. Prior to the present work, no states in 105Zr
and, from β decay [11], only two states (2+ and 4+) in 106Zr
were known. Intensity and energy balance arguments, combined
with the limited statistics of the coincidence data and a compari-
son with the systematics of lower-mass odd-N Zr isotopes [6,22],
were used to suggest the level scheme of 105Zr shown in Fig. 4.
The placement of the 124(1), 161(3), 222(1), and 285(2) keV tran-
sitions (Fig. 3(c)) is conﬁrmed from their deﬁnite coincidence rela-
tion, while indications for 319(1) and 374(1) keV transitions in the
222 keV gate were less conclusive. The 98(2) keV and 464(2) keV
transitions could not be placed in the level scheme because of the
lack of coincidence information. The spins of the states could not
be measured directly. Hence tentative assignments (Fig. 4) were
obtained based on the systematics for the observed band struc-
ture for lighter odd-N Zr isotopes. The ground-state conﬁgurations
of 101Zr and 103Zr have been identiﬁed to be 5/2−[532] [22] andFig. 3. (Color online.) (a) Doppler-corrected γ -ray energy as a function of the mass
number of the Zr fragment identiﬁed in VAMOS++. (b), (c) & (d) The γ -ray spec-
tra [projection of (a)] for the three most neutron-rich Zr isotopes measured in the
present work, that is, for (b) 104Zr, (c) 105Zr and (d) 106Zr. The inset of (b) & (c)
shows the corresponding γ –γ coincidences. The dashed (blue) spectrum in (b) is
the spectrum corrected for the corresponding complementary fragment.
3/2+[411] [23], respectively. The quasiparticle rotor model calcu-
lations [22] and the Projected Shell Model (PSM) calculations [24]
predict the neutron 5/2+[413] to be the lowest conﬁguration for
105Zr. The observed band is found to be consistent with such a
5/2+ assignment.
In 106Zr, in addition to the known 152(2) and 324(1) keV
γ rays [11], the two new transitions, 470(1) and 625(2) keV
(Fig. 3(d)) are assigned to the decay of the higher-spin states of the
ground-state band. The observed lower intensity of the 152(2) keV
transition is attributed to an expected half-life of a few ns for
the 2+ state (similar to that reported in 104Zr [25]) and in part
due to the internal conversion (α = 0.242(7) [26]). The placement
of the transition around 350 keV could not be made. The level
scheme of 106Zr, shown in Fig. 4, is constructed on the basis of ar-
A. Navin et al. / Physics Letters B 728 (2014) 136–140 139Fig. 4. (Color online.) Level schemes of the neutron-rich Zr isotopes proposed in this
work. The γ rays shown in the ﬁgure are from the present work. The partial level
scheme of 108Zr is from Ref. [12]. Also shown are predictions of the Projected Shell
Model [24] (105Zr) and the global IBM calculation including triaxiality (104,106,108Zr).
The levels corresponding to different bands (see text) are suitably displaced.
guments related to intensity balance. The newly-observed higher-
lying states cannot be populated in β decay, illustrating the general
applicability of the present method to populate high-spin states
in neutron-rich nuclei. Also shown in Fig. 4 is the tentative level
scheme for 108Zr, from the decay of the 550 ± 25 ns isomer [12].
The tentative assignment of the 108Zr ground-state band (up to
Jπ = 8+) [12] is strengthened by the newly-identiﬁed transitions
in 106Zr based on the smooth energy variation of the levels with
neutron number seen in Fig. 5. The presence of a long-lived iso-
mer in 108Zr was unexpected, as no isomers have been reported
in the neighboring 104,106Zr and 110Mo nuclei [11,12]. A spin and
parity of 6+ have been proposed for the isomer. This is based on
calculations of two-quasiparticle states in a prolate deformed po-
tential [27] that predicts single isomer (Kπ = 4− at 1.41 MeV).
From Ref. [12] it can be seen that the isomer decays to the 8+
but that there are no transitions reported to the 4+ and 6+ lev-
els of the ground-state band. This could indicate a higher spin for
the isomer. It appears that the spin and the nature of the isomer
in 108Zr are still unclear for further work in the understanding of
this unexpected isomer is necessary.
The structure of neutron-rich Zr isotopes has been discussed
using a variety of approaches like PSM [24] and mean-ﬁeld calcula-
tions [27,28]. The PSM correctly reproduces the measured energies
of the yrast band in 104Zr but increasingly deviates from the ob-
served energies in the heavier Zr isotopes [24], indicating the need
for further improvements in the model parameters. Mean-ﬁeld cal-
culations with the Gogny D1S interaction [28] systematically yield
two coexisting minima for the Zr isotopes, of prolate and oblate
deformation, separated by a shallow ridge in the triaxial plane.
In this work the levels observed in the Zr isotopes are compared
with the predictions of the interacting boson model (IBM), which
is based on the assumption that nuclear collectivity can be ex-
pressed in terms of s and d bosons [29]. The simplest version of
the model, IBM-1 which does not distinguish between neutron and
proton bosons, is applied in a global ﬁt to a region of the nuclearFig. 5. (Color online.) The inverse of the excitation energy of 2+1 levels for a range
of even-mass nuclei. The points are the observed energies [20] and the lines in the
corresponding color represent the global IBM calculation.
chart in a parameterization similar to the one used in Ref. [30].
Calculations are limited to the even-mass Zr isotopes since a global
parameterization for odd-mass nuclei with the interacting boson-
fermion model [31] is currently not available.
The numbers of valence neutrons and protons, n and z, are
counted from the closed shells N = 50 and Z = 28. The number
of bosons is Nb = Nν +Nπ with Nν = min(n, (Ων − 18+ z) − n)/2
and Nπ = min(z,Ωπ − z)/2, where Ων and Ωπ are the neutron
and proton shell sizes, respectively, Ων = 32 and Ωπ = 22. This
deﬁnes an effective boson number that takes account of (sub-)shell
effects for the neutrons which may depend on the number of
protons. From studies with IBM-2 (which distinguishes between
neutron and proton bosons) it is known that the Hamiltonian pa-
rameters are smooth functions of n and z [29], and in this study
they vary linearly with n and z. The resulting Hamiltonian can be
projected onto IBM-1, as long as no mixed-symmetry states are
considered in the global ﬁt. The global IBM-1 Hamiltonian used
in this study therefore implicitly takes account of shell structure
through the use of effective neutron and proton boson numbers of
IBM-2.
A structural feature of many nuclei in this region is the pres-
ence of a Kπ = 2+ γ band at low energy, built on a vibrational
mode that breaks axial symmetry. This indicates that (either rigid
or soft) triaxiality plays an important role in the concerned nuclei.
A cubic term is therefore added which introduces triaxial features
in the IBM, in line with a recent microscopic derivation [32]. The
adopted Hamiltonian is identical to the one of Ref. [33],
Hˆ = 
dnˆd + κ Qˆ · Qˆ + κ ′ Lˆ · Lˆ + λdnˆ2d
+ υ3
(
d† × d† × d†)(3) · (d˜ × d˜ × d˜)(3), (1)
where nˆd is the d-boson number operator, Qˆμ = [d† × s˜ + s† ×
d˜](2)μ +χ [d† × d˜](2)μ is the quadrupole operator and Lˆ is the angular
momentum operator. The parameters in this Hamiltonian are var-
ied linearly with numbers of valence neutrons and protons, in the
spirit of the global ﬁt of Ref. [30]. In all, 380 levels in 50 even-
mass nuclei are considered, yielding a root-mean-square deviation
of 127 keV. Fig. 5 illustrates a result of this global calculation,
showing the evolution of the inverse of the excitation energy of
the 2+1 level, 1/Ex(2
+
1 ), as a function of neutron and proton num-
bers. This is a sensitive indicator of shell and sub-shell structure,
the effects of which can be accounted for with an effective boson
number. The pathological behavior of the 90–98Zr nuclei, associ-
ated with the combined sub-shells at N = 50,56 and Z = 40 is
140 A. Navin et al. / Physics Letters B 728 (2014) 136–140Fig. 6. (Color online.) Total energy surfaces in the (β,γ ) plane, as derived from
the IBM Hamiltonian, for 100–110Zr isotopes included in the ﬁt. Minima are in blue
and maxima in red. The energy difference between the successive contour lines is
100 keV.
a special feature of this isotope series (seen from the rapidly vary-
ing 1/Ex(2
+
1 ) values). Sudden shell effects cannot be accounted
for in a global description with a collective model, and therefore
the 90–98Zr nuclei have been omitted from the ﬁt. In marked con-
trast with the mean-ﬁeld results of Ref. [28], no shape coexistence
mechanism is invoked in the global IBM calculation to explain the
low-energy structure of the nuclei included in the ﬁt and all 0+2
levels are explained as collective excitations, and not as coexisting
states with a different shape. This observation is consistent with
the (β,γ ) total energy surfaces, derived from the IBM Hamilto-
nian for all nuclei, which always display a single minimum and
no shape coexistence. As an example, the total energy surfaces for
the Zr isotopes are shown in Fig. 6. Within the current parame-
terization (accounting for triaxiality), the 2+2 level is calculated at
799 keV in 106Zr and rapidly drops in energy with increasing neu-
tron number. The present calculation suggests that the 607 keV
γ -ray previously assigned to the 2+2 → 0+1 in 106Zr [11], is more
likely to be associated with the 2+2 → 2+1 .
In summary, in-beam γ -ray spectroscopy of isotopically-iden-
tiﬁed neutron-rich ﬁssion fragments, complementary to those ob-
tained from β decay at isotope separators or through multiple
coincidences with γ -ray detector arrays, are reported. In particular,
results on the prompt γ spectroscopy of the neutron-rich 105,106Zr
isotopes are presented, and interpreted in an improved global IBMcalculation that includes triaxial deformation. The present work
shows that their structure changes rather smoothly as a function
of N consistent with nuclei in this region and there are no sur-
prises unlike the presence of an unexpected isomer in 108Zr as
reported by Refs. [11,12]. The obtained ﬁssion-fragment mass dis-
tribution extended to fragments with large N/Z at relatively large
angular momentum. Thus the present method when coupled with
new-generation γ -ray tracking detector AGATA [34] to EXOGAM
and VAMOS++, exploiting both stable and next-generation ISOL
beams, will open avenues for understanding nuclei under extreme
conditions of neutron–proton asymmetry and angular momentum
and also enable detailed investigation of the ﬁssion mechanism.
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